In this paper, optical and electronic properties of diamond shaped graphene quantum dots (DQDs) have been studied by employing large-scale electron-correlated calculations. The computations have been performed using the π-electron Pariser-Parr-Pople model Hamiltonian, which incorporates long-range Coulomb interactions. The influence of electroncorrelation effects on the ground and excited states has been included by means of the configuration-interaction approach, used at various levels. Our calculations have revealed that the absorption spectra are red-shifted with the increasing sizes of quantum dots. It has been observed that the first peak of the linear optical absorption, which represents the optical gap, is not the most intense peak. This result is in excellent agreement with the experimental data, but in stark contrast to the predictions of the tight-binding model, according to which the first peak is the most intense peak, pointing to the importance of electron-correlation effects. Furthermore, an analysis of the wave functions of the excited states contributing to the spectra reveals the presence of plasmonic effects. 1 arXiv:1501.06041v1 [cond-mat.mes-hall]
approach in several works in our group dealing with conjugated polymers, 23 advantage over the TB model in that it incorporates long-range Coulomb interactions among the π-electrons, essential for taking into account influence of electron correlation effects. Further, it considers the interactions of π-electrons with a minimal basis, therefore, as compared to ab initio approaches, it yields highly accurate results with fewer computational resources.
In this work we present theoretical calculations of the electronic structure and linear optical absorption spectra of DQDs of varying sizes employing a configuration-interaction (CI) methodology, [23] [24] [25] [26] [27] [28] [29] so as to account for electron-correlation effects in their ground and excited states. As far as experiments are concerned, it is impossible to synthesize bare graphene quantum dots of high symmetry, because, due to the dangling bonds, edges will undergo significant reconstruction, leading to distorted shapes. Nevertheless, several polycyclic aromatic hydrocarbons (PAHs) have been synthesized which are nothing but graphene quantum dots of high symmetry, but with edges passivated by hydrogen atoms, 35 a few of which we had studied in earlier works. 30, 31 Of the quantum dots considered here, hydrogen passivated counterpart of DQD with 16 carbon atoms (DQD-16, henceforth) is called pyrene, while that of DQD with 30 carbon atoms (DQD-30) is known as dibenzo[bc,kl]coronene, both of which have been well-studied in the chemical literature. 35 A large number of experimental measurements of optical absorption of pyrene in vapor, 36 solution, [37] [38] [39] [40] and matrix isolated phases [41] [42] [43] [44] have been performed, and our results on DQD-16 are in excellent agreement with them. Clar and Schmidt 45 measured the gas-phase absorption spectrum of dibenzo [bc,kl] coronene, and our calculations on DQD-30 are in very good agreement with the experimental results. We also computed the absorption spectrum of next larger quantum dot DQD-48, whose struc- 48 analysed the effect of addition of azomethine ylide on the binding energy of C 48 H 18 .
Based upon our calculations, we also predict the variation in the behavior of linear absorption spectrum with increasing size of DQDs, and our results are in significant variance with the predictions of the TB model. We also identify the atoms which play a significant role in the band gap, and thus the optical spectrum of the DQDs. We also argue, based upon a criterion proposed by Koutecký and coworkers, 54 that higher energy optically excited states of DQDs exhibit plasmonic character.
The remainder of this paper is organized as follows. In section II, we present a brief overview of the theoretical methodology adopted by us. In section III, we present and discuss the results, followed by conclusions in section IV. An Appendix representing detailed information about many-particle wave-functions of excited states contributing to the optical absorption peaks is presented at the end of the paper.
II. COMPUTATIONAL DETAILS
The schematic diagram of the geometry of DQDs considered in this work is given in Fig.1 . Different DQDs can be identified by the total number of carbon atoms n, and will be denoted as DQD-n, henceforth. In our calculations, all quantum dots are assumed to lie in the x − y plane, with the shorter diagonal of the DQD assumed to be along the x-axis, and the longer one along the y-axis. All carbon-carbon bond lengths and bond angles have These calculations have been carried out by employing the PPP model Hamiltonian, 21, 22 given by
where c † iσ (c iσ) creates (annihilates) a π orbital of spin σ, localized on the i th carbon atom while the total number of electrons with spin σ on atom i is indicated by n i = σ c † iσ c iσ . The second and third terms in Eq. 1 denote the electron-electron repulsion terms, with the parameters U , and V ij representing the on-site, and the long-range Coulomb interactions, respectively. The matrix elements t ij depicts one-electron hops, which in our calculations, have been restricted to nearest neighbours, with the value t 0 = 2.4 eV, consistent with our earlier calculations on conjugated polymers, [23] [24] [25] [26] [27] [28] [29] and polyaromatic hydrocarbons.
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Parameterization of the Coulomb interactions is done according to the Ohno relationship
distance (in Å) between the ith and jth carbon atoms. In the present work, we have done calculations adopting both "screened parameters" 56 with U = 8.0 eV, κ i,j = 2.0(i = j) and κ i,i = 1.0 as also the "standard parameters" with U = 11.13 eV, and κ i,j = 1.0. We observe that our calculations employing the screened parameters, proposed by Chandross and Mazumdar, 56 are in better agreement with the experimental results, as compared to those performed using standard parameters, consistent with the trends observed in our earlier works as well.
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The first step of our calculations is to find the the self-consistent solutions at the Restricted Hartree-Fock (RHF) level, employing the PPP Hamiltonian (cf. Eq. 1), using a code developed in our group. 34 These solutions, in which electrons occupy the lowest energy orbitals, comprise the HF ground state. This is followed by correlated calculations at the quadruple configuration interaction (QCI) level, or at the multi-reference singles-doubles configuration interaction (MRSDCI) level, depending upon the size of DQD. In the QCI approach, up to quadruple excitations from the HF ground state are considered, and, thus, it requires significant amount of computational resources. Therefore, QCI calculations can be performed only for small systems (in our case, for DQD-16). For larger DQDs, MRS-DCI approach has been employed. In MRSDCI calculations, singly and doubly excited configurations from the reference configurations of the selected symmetry subspace are considered while generating the CI matrix. 57, 58 Subsequently these CI wave functions are used to compute transition electric dipole matrix elements between various states, required for computing the optical absorption spectra. From the calculated spectra, important excited states giving rise to various peaks are identified, and the dominant reference configurations contributing to these excited states are included to enhance the new reference space. This procedure is iterated until the desired absorption spectrum converges to an acceptable tolerance. With the increasing sizes of the DQDs, the number of molecular orbitals of the DQD increases, leading to an increase in the size of the CI expansion. Therefore, to make calculations feasible, the frozen orbital approximation was adopted for DQD-48, with the lowest two occupied orbitals frozen, and highest two virtual orbitals deleted so as to retain the particle-hole symmetry.
III. RESULTS AND DISCUSSION
In this section, we present the results obtained from MRSDCI calculations for DQDs of varying sizes, ranging from DQD-16 to DQD-48. In order to acquaint the reader with the precision of our MRSDCI or QCI calculations, the sizes of the resultant CI matrix for different symmetries for the DQDs considered here are given in Table I In this section we examine the evolution of the band gap, orbital energy levels, and the charge densities with the size of the DQD.
Charge Density
The charge density plots for the HOMO orbital obtained by employing the TB model and the PPP model for DQDs of varying sizes are presented in Fig. 2 . The charge density of the LUMO orbital is same as that of the HOMO orbital because of the electron-hole symmetry, and hence has not been shown. The numbering scheme of atoms for the different DQDs considered is presented in Fig. 8 It is evident from the figure that increasing size of DQDs leads to the emergence of states with energies close to zero. This can be explained by the fact that with increasing size, the zigzag nature of the edges become more prominent, causing a lowering of energies. It also emphasizes the fact that with further increase in size of DQDs, the infinite limit of gapless graphene will be achieved.
Optical gap
In Table II , we present the energy gap between the highest-occupied molecular orbital (HOMO), and the lowest-unoccupied molecular orbital (LUMO), for increasing sizes of DQDs obtained from the TB model, as well as from the PPP model, at the RHF level.
Because the band gap is also the optical gap in DQDs, in the same table we also present the results of the optical gap of these systems obtained from our correlated electron CI calculations. We note the following trends in these results: (a) the gaps decrease with the increasing In this section, we first elucidate the salient features of the linear optical spectra of DQDs of varying sizes computed within the framework of the independent-electron TB model, which will allow us to gauge the influence of electron-correlation effects in the PPP model-based CI calculations, presented thereafter.
Tight-binding calculations
The absorption spectrum obtained from TB model (Fig. 4 ) exhibits the following characteristics:
1. The absorption spectrum is red-shifted with increase in size of the DQD, in agreement with quantum confinement effect.
2. The number of peaks increases with increase in size of the DQD, a consequence of increasing number of energy levels.
3. The first peak is always y-polarized, and corresponds to excitation of a single electron from the HOMO (H) orbital to the LUMO (L) orbital. This peak is also the most intense peak in the optical spectrum, which is in stark contrast with the experimental results obtained for pyrene and dibenzo[bc,kl]coronene. [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] 60 The second and third peaks are x-and y-polarized, respectively, in case of DQD-16. The second peak is doubly degenerate and is due to excitations |H − 1 → L and |H → L + 1 , while the third peak is due to excitation |H − 1 → L + 1 . The second peak is both x and y-polarized for DQD-30, while it is just y-polarized for DQD-48. The x-polarized part of the second peak in case of DQD-30 is due to excitations |H − 2 → L and |H → L + 2 , while the y-polarized part is due to the excitation |H − 1 → L + 1 . For DQD-48, the second peak is due to the excitation |H − 1 → L + 1 .
4. With increase in size of the DQD, the intensity of the first peak increases enormously as compared to the other peaks in the absorption spectrum. In addition, the energy of the first peak which indicates the optical gap, decreases significantly and tends towards zero as the size of the quantum dot increases, consistent with the properties of infinite graphene.
5. The degeneracy of the peaks increases with increasing size of the quantum dot. However, the first peak is always non-degenerate. Table III ).
The first peak in the experimentally obtained absorption spectrum of pyrene is a weak one located around 3.34 eV, 37 and corresponds to the dipole forbidden B 3u state in our calculations, mentioned earlier. Our standard parameter value of 3.09 eV for the excitation energy of this state is in good agreement with the experimental value, while the screened parameter value of 2.82 eV underestimates it. The location of the second peak in the experimental spectrum (3.69-3.83 eV), which also defines the optical gap, is in excellent agreement both with our standard and screened parameter PPP-CI values of the optical gap, computed at 3.74 eV, and 3.60 eV, respectively. This peak is y-polarized and corresponds to 1B 2u state.
The optical transition to the fourth excited state gives rise to the most intense peak experimentally observed to be in the range 5.15-5.35 eV. This result is in excellent agreement with our PPP-CI value 5.37 eV, obtained using the screened parameters. As a matter of fact, it is obvious from Table III , that the agreement between the dipole-allowed states obtained from our screened-parameter based PPP-CI calculations, and the experimental measurements of Becker et al. 37 and Gudipati et al. 42 is quite remarkable both for peak locations, and the symmetry assignments, all the way up to 7 eV. On the other hand, the PPP-CI results obtained using standard parameters, as also the earlier results obtained by Malloci et al., 52 predict that transition to the fifth excited state gives rise to the most intense peak. We identify the most intense peak corresponds predominantly to the excitation |H − 1 → L + 1 , for the case of screened parameters. Thus, we conclude that, on the whole, the PPP-CI results calculated using the screened parameters are in better agreement with the experimental values than those computed using the standard parameters (cf . Table III) . Furthermore, it is also obvious from Table III that Table V) . Nevertheless, we note that with the increasing energy, excited states exhibit significant configuration mixing, hinting at the emergence of plasmonic effects, 54 consistent with the infinite graphene limit. We also note that the TB model predicts the peak corresponding to the optical gap as the most intense one, located at 2.14 eV, which is far away from the experimentally obtained value both in terms of peak location, and relative intensity. Therefore, we infer that the inclusion of electron correlation effects is essential for the correct quantitative description of the optical properties of graphene quantum dots. As far as DQD-30 is concerned, our computed absorption spectrum has been compared with the experimental data of dibenzo[bc,kl]coronene (C 30 H 14 ) . 45 The experimental UV spectrum obtained by Clar and Schmidt, 45 exhibits peaks at 2.55 eV and 3.61 eV. The position of the first peak at 2.55 eV is in good agreement with the computed value of optical gap at 2.08 eV (2.31 eV) (cf. Table III) obtained using screened (standard) parameters in the PPP-CI model. This peak is y-polarized, corresponds to 1B 2u state and represents the optical gap. The first excited state of B 3u symmetry is dipole forbidden due to the particle-hole symmetry, and lies above the optical gap. Its energy is 2.25 eV (2.43 eV) obtained using screened (standard) parameters and is dominated by the |H − 2 → L + c.c. excitation. In addition, the experimental peak at 3.61 eV agrees extremely well with the screened parameter x−polarized peak at 3.45 eV. This peak corresponds to a B 3u state, whose wave function is dominated by the |H − 2 → L − c.c excitation. Thus same excitations contribute to the wave functions of the first dipole-forbidden and dipole-allowed B 3u states, it is just that their relative signs are opposite due to the orthogonality constraint. Further, the most intense peak of the experimental spectrum is situated at around 6.20 eV, 60 which is in excellent agreement with the computed screened parameter value of the most intense peak at 6.28 eV.
This peak also corresponds to a B 3u state whose wave function consists of singly as well as doubly excited configurations (cf. Tables VI and VII) . It is also obvious from those tables that apart from the first peak defining the optical gap, remainder of the peaks exhibit significant configuration mixing hinting at plasmonic effects.
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While wave functions of the excited states corresponding to various peaks are dominated by single excitations, however, several states also derive significant contributions from the double excitations, hinting at the importance of electron correlation effects.
In case of DQD-48, because of comparatively larger number of electrons in the system, the size of the MRSDCI calculations became excessively large. Therefore, we froze two lowest lying occupied orbitals, and deleted their particle-hole counterpart virtual orbitals which were highest in energy. With this approximation in place, the CI problem reduced to that of 44 electrons, distributed over 22 occupied, and as many virtual orbitals, rendering the calculation tractable. In order to benchmark this procedure, we also adopted the same methodology for DQD-30, and present the results of the calculations performed using screened parameters in Fig. 9 of the Appendix. It is observed that all the features of the optical spectra are preserved even after freezing the orbitals. However, the frozen spectrum is slightly blue-shifted as compared to the unfrozen one, with the corresponding changes being numerically acceptable. Next, we discuss our results for DQD-48 presented in Fig. 7, and Tables VIII, IX, and X.
We find that the first excited state of DQD-48 is a dipole forbidden B 3u state, just as in the case of DQD-16, and is located at 1.38 eV (1.52 eV) as per our screened (standard) parameter calculations. Both the calculations predict it to be lower than the first dipole allowed state 1B 2u , although the energy difference is much smaller as compared to the case of DQD-16. The wave function of this B 3u state is dominated by the double excitation |H → L + 1; H → L + c.c., and it will be of considerable interest if the future experiments on DQD-48 are able to locate this state relative to the optical gap. The first dipole-allowed peak in the absorption spectrum of DQD-48, corresponding to the 1B 2u state of the spectrum as in case of smaller DQDs, is computed at 1.61 eV (1.40 eV) based upon standard (screened)
parameter based PPP-CI calculations. The wave function of this state is dominated by the |H → L excitation as in case of smaller dots, but it also derives significant contribution from the |H − 1 → L + 1 configuration. The most intense peak of the absorption spectrum computed with the screened parameter is peak II corresponding to the 2B 2u state located at 2.19 eV, with the wave function dominated by the |H−1 → L+1 configuration, but also with a significant contribution from a triply excited configuration. On the other hand, standard parameter calculations predict peak XII to be the most intense one, which is due to a highenergy B 2u state at 5.54 eV, with the wave function dominated by several configurations.
Such a large difference in the locations of the most intense peak predicted by standard and screened parameter calculations, can be easily tested in experiments. As far as general comparison between the standard and screened parameter calculations is concerned, besides the red shift of the screened parameter results compared to the standard ones, we find that only the first two peaks of the computed spectra have excited state wave functions which are qualitatively similar. We also note that compared to the two smaller DQDs discussed earlier, DQD-48 excited states exhibit more configuration mixing and also more contribution from doubly excited configurations. Both these trends imply higher contribution of plasmonic and electron-correlation effects in DQD-48. Some of the important conclusions we can draw from our correlated-electron calculations are: (i) the first peak corresponding to the optical gap is not the most intense, in contrast with the predictions of the tight-binding model, (ii) with the increasing size of the quantum dot, the absorption spectrum exhibits a red shift, (iii) the optical transition to the first ex-cited state of B 3u symmetry is dipole forbidden and it lies below the optical gap for DQD-16 and DQD-48, (iv) optical properties of the dots are sensitive to the projected corners of the system, therefore, they can be tuned by attaching suitable functional groups there, (v) wave function analysis of the optically excited states reveals that electron correlation effects are significant, and that several states exhibit signatures of plasmonic character. Thus, we hope that our work will spur further experimental activity in this field, so that our predictions on the excited states of DQD-48 can be tested in future experiments. Furthermore, recently Müllen and coworkers have stabilized graphene quantum dots with chlorine passivated edges.
59 Therefore, it will be of interest if chlorine passivated DQDs can be synthesized and their optical properties measured, so as to investigate the influence of the nature of edge passivation on the electro-optical properties of graphene nanostructures.
In this work, we restricted ourselves to the study of linear optical properties of these quantum dots, but it will be quite interesting also to study the nonlinear optical response of these systems such as two-photon absorption, third harmonic generation, and photoinduced absorption. Calculations along those directions are underway in our group, and the results will be submitted for publication in future. In order to benchmark our orbital freezing and deletion approach aimed at reducing the size of the CI calculations, in the figure below we present the results of optical absorption spectra of DQD-30 computed using all the electrons and orbitals, and by freezing (deleting) two lowest (highest) occupied (virtual) orbitals. Apart from a slight blue shift in the frozen orbital calculation, computed spectra are quite similar. 
